MicroRNAs (miRNAs) are post-transcriptional gene expression regulators, playing key roles in neuronal development, plasticity and disease. Parkinson's disease (PD) is the second most common neurodegenerative disorder, characterized by the presence of protein inclusions or Lewy bodies and a progressive loss of dopaminergic neurons in the midbrain. Here, we have evaluated miRNA expression deregulation in PD brain samples. MiRNA expression profiling revealed decreased expression of miR-34b and miR-34c in brain areas with variable neuropathological affectation at clinical (motor) stages (Braak stages 4 and 5) of the disease, including the amygdala, frontal cortex, substantia nigra and cerebellum. Furthermore, misregulation of miR-34b/c was detected in pre-motor stages (stages 1 -3) of the disease, and thus in cases that did not receive any PD-related treatment during life. Depletion of miR-34b or miR-34c in differentiated SH-SY5Y dopaminergic neuronal cells resulted in a moderate reduction in cell viability that was accompanied by altered mitochondrial function and dynamics, oxidative stress and reduction in total cellular adenosin triphosphate content. MiR-34b/c downregulation was coupled to a decrease in the expression of DJ1 and Parkin, two proteins associated to familial forms of PD that also have a role in idiopathic cases. Accordingly, DJ1 and Parkin expression was reduced in PD brain samples displaying strong miR-34b/c downregulation. We propose that early deregulation of miR-34b/c in PD triggers downstream transcriptome alterations underlying mitochondrial dysfunction and oxidative stress, which ultimately compromise cell viability. A better understanding of the cellular pathways controlling and/or controlled by miR-34b/c should allow identification of targets for development of therapeutic approaches.
INTRODUCTION
Parkinson's disease (PD) is the second most common neurodegenerative disease, affecting 1-2% of the population over 60 years old (1, 2) . PD is clinically characterized by motor symptoms as resting tremor, slowness of initial movement, rigidity and general postural instability. The disease is pathologically defined by the loss of dopaminergic neurons in the substantia nigra (SN) pars compacta, corpus striatum and brain cortex. This loss is accompanied by the presence of cytoplasmic protein inclusions, named Lewy bodies (LBs), and enlarged aberrant Lewy neurites (LNs) (3 -5) . For this † E.M.-M. and S.P. are equal first contributing authors. * To whom correspondence should be addressed. Email: eulalia.marti@crg.cat (E.M.); xavier.estivill@crg.cat (X.E.)
# The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com reason, PD is known as a Lewy body disease (LBD). LBs and LNs are composed of aggregates of normal and missfolded proteins, being a-synuclein (SNCA) a major component. The intracerebral formation of LBs and LNs has been proposed to begin at defined induction sites and advance in a topographically predictable sequence, defining six evolutionary stages, according to Braak et al. (3, 4) . Lesions are first observed in the medulla oblongata (stages 1 -2), then the midbrain and amygdala (AM) (stages 3 -4) and finally the cerebral cortex (stages 5 -6) . Motor symptoms appear when neuron loss in the substantia nigra (SN) pars compacta reaches thresholds values near the 60% at late stage 3 or at stage 4. Cases with Lewy pathology in the brain stem without clinical evidence of parkinsonism are considered pre-motor PD or incidental LBD (6, 7) .
Genetic studies show that mutations in SNCA, PARKIN, UCHL-1, PINK1, DJ-1 and LRKK2 are the origin of familial cases of PD, although they account only for 5-10% of patients. The majority of PD cases are idiopathic (2,8 -10) . Although familial and idiopathic forms of the disease differ on several clinical aspects, it is clear that common molecular pathways underlie neurodegeneration. These include oxidative stress, mitochondrial dysfunction, energy production imbalance and disruption of the ubiquitin -proteasome system. The study of these pathways has shed some light on the mechanisms underlying PD, but the causative factors for idiopathic PD remain elusive.
MicroRNAs (miRNAs) are small non-coding RNAs that have been recently identified as post-transcriptional regulators of gene expression with relevant roles in physiological and pathological aspects of the central nervous system (11, 12) . MiRNAs conduct targeted-mRNA degradation or translational inhibition through sequence complementarity to the open reading frames and 3 ′ untranslated regions (3 ′ UTR) of mRNAs (13, 14) . Alterations in miRNA function have been reported in a number of neurodegenerative diseases (15) . In PD, abnormal function of three miRNAs has been shown. For instance, the expression of miR-133b, a miRNA essential in the differentiation and maintenance of dopaminergic neurons in the SN, was reduced in midbrain samples from patients with PD (16) . In addition, disruption of the binding site for miR-433 in the FGF20 gene has been associated to PD, and FGF20 over-expression has been shown to correlate with higher SNCA expression levels (17) . Finally, miR-7 was shown to be downregulated in a PD mouse model (18) . This study further demonstrated that miR-7 expression reduces SNCA levels, resulting in cell protection from oxidative stress. Although these findings suggest an involvement of miRNAs in PD, a general screening of miRNA expression deregulation in the brain of PD patients is still lacking.
Here, we have evaluated miRNA deregulation in differently affected brain areas from idiopathic PD patients at different evolutionary stages of the disease. With this study, we aim to uncover deregulation of gene expression networks affecting key pathogenic pathways in sporadic PD. Our study has identified that miR-34b/c downregulation is widespread in PD brains, occurring early in the course of the disease, and underlying mitochondrial dysfunction and oxidative stress.
RESULTS

miR-34b/c cluster is downregulated at advanced stages of PD
In a first attempt to identify miRNAs with a possible role in PD, we focused on motor stages of the disease (stages 4 and 5). The initial screening was performed in the AM. We profiled miRNA expression in PD using a commercial miRCURY TM array (Exiqon) that contained all miRNAs present in the miRBase miRNA registry release 8.1. Expression patterns of miRNAs in the AM of 11 PD patients were compared with those of a pool of samples formed by equivalent amounts of total RNA of the AM of six control individuals without neuropathological lesions (Supplementary Material, Table S1 ). Two miRNAs (miR-637 and miR-34c-5p) were downregulated by .40% in 9 out of the 11 PD samples, compared with the control pool (Supplementary Material, Fig. S1 ). The microarray results were further evaluated using real time polimerase chain reaction (RT-PCR) Taqman w assays. While we were not able to confirm the deregulation of miR-637, RT-PCR analysis corroborated significant downregulation of miR-34c in the AM of PD patients. Results were similar either using U6B or RNU58 as reference small non-coding RNAs (Supplementary Material, Fig. S1 ).
MiR-34c and miR-34b are located 411 bp apart on chromosome 11q23 and are transcribed as a single non-coding precursor. Therefore, we evaluated the expression of both mature miRNAs in additional symptomatic PD and control AM samples (Supplementary Material, Table S1 ). PD -AM displayed a significant decrease in the expression of mir-34b and mir-34c by 55 and 65%, respectively, versus control individuals (Fig. 1A) . The expression of miR-34b and miR-34c was also reduced in the SN of PD patients by 40 and 45%, respectively (Fig. 1B) . However, whether the decreased expression is a consequence of dopaminergic neuron depletion in this area or is a specific downregulation in the remaining cells remains to be resolved. We then determined if miR-34b/c downregulation in motor PD cases was extensive to other areas of the brain with different degree of neuropathological affectation. We detected a significant reduction ( 55%) in both miR-34b and miR-34c in the frontal cortex (FC), an area with absent or scanty LBS and LNs depending on the stage but with well-established molecular deficits (8) (Fig. 1C) . Additionally, the cerebellum (CB), a structure with virtually no lesions in PD, presented a less robust downregulation of miR-34b ( 23%) showing a trend to significance (P ¼ 0.056), and a significant downregulation of miR-34c ( 43%) (Fig. 1D) .
The differences in the degree of miR-34b and miR-34c downregulation may be related with a possible differential stability of mature miRNAs in the different areas. To test this, we determined the relative expression of miR-34c versus miR-34b within each area in control individuals (Supplementary Material, Fig. S2 and Table S1 ). Although the amount of miR-34c was significantly higher compared with miR-34b in the AM, the rest of areas analyzed showed similar levels of both miRNAs. These results suggest regiondependent mechanisms controlling the expression and/or stability of miR-34c and miR-34b. The fact that the relative levels of miR-34c versus miR-34b change in diseased AM and CB
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Human Molecular Genetics, 2011, Vol. 20, No. 15 suggests that these mechanisms are also dependent on the pathological state.
Areas showing high expression of miR-34b/c under normal conditions may probably be more susceptible to the downstream consequences of miR-34b/c decrease. In order to evaluate the importance of the area-dependent miRNA-34b/c downregulation, we determined the levels of miR-34b/c in the different brain areas in control individuals. The CB contained the lowest levels of miR-34b/c when compared with the rest of brain areas ( Table S1 ) in the AM (A), SN (B), FC (C) and CB (D). MiR-34b and miR-34c expression levels are referred to a control sample, for RQ. (E) MiR-34b and miR-34c expression levels in the AM, SN, FC and CB of control individuals. The CB is used as the reference area, for RQ. Plots show individual and mean RQ + SEM ( * P , 0.05; * * P , 0.01; * * * P , 0.001; using a linear mixed effects model).
Human Molecular Genetics, 2011, Vol. 20, No. 15 3069 Table S1 ). The lower levels of miR-34b/c in the CB and the observed moderate downregulation support the idea that miR-34b/c decrease has lower pathological consequences in this area when compared with other brain regions. Downregulation of miR-34b/c has been associated with hypermethylation of the neighboring CpG islands in the promoter region in colorectal cancer (19) . Therefore, we analyzed the methylation status of the described promoter region in the AM from six selected PD cases that presented clear miR-34b/c downregulation compared with the controls, and from three controls (Supplementary Material, Table S1 ). Bisulfite sequencing showed low methylation levels in all samples independently of the mir34b/c expression levels (Supplementary Material, Fig. S4 ). These low methylation levels of the promoter are in accordance with those obtained in an independent study on various brain tissues from PD and control samples using a methylation array (Illumina Infinium 27K) (Raquel Rabionet, personal communication).
miR-34b/c downregulation is an early event in PD that is not related to drug therapies
In order to assess if miR-34b/c downregulation correlated with the evolution of the disease, we evaluated the expression of these miRNAs in the AM and FC of PD cases at pre-motor stages (Braak stages 1 -3; Supplementary Material, Table S1 ). We observed a significant reduction in the expression of both miR-34b and miR-34c of 35 and 45%, respectively, in the AM of pre-motor cases compared with control samples (Fig. 2A) . However, the decrease in miR-34b/c expression in the FC of PD pre-motor cases did not reach statistical significance (Fig. 2B ). It is important to state that none of the patients bearing neuropathological changes of PD-related pathology stages 1 -3 received any treatment related to PD; as these cases had not suffered from motor symptoms and pathological findings were, by definition, as incidental in the course of the neuropathological examination.
miR-34b and miR-34c reduction compromises neuronal viability by mitochondrial dysfunction and reactive oxygen species production Mitochondrial dysfunction linked to oxidative stress is a relevant feature in neurodegenerative processes, including PD. Therefore, we evaluated cell viability linked to mitochondrial functional status following miR-34b or miR-34c depletion in the differentiated SH-SY5Y dopaminergic neuroblastoma cell line.
SH-SY5Y cells were differentiated with retinoic acid (RA) and 12-O-tetradecanoyl-phorbol-13-acetate (TPA) to a postmitotic status, exhibiting a dopaminergic phenotype (20) . The differentiation process was associated to a significant 2-fold rise in the expression levels of miR-34b and miR-34c (Supplementary Material, Fig. S5 ), suggesting a relevant role of these miRNAs in the physiology of postmitotic mature neurons. Differentiated SH-SY5Y cells were transfected either with specific inhibitors for miR-34b or miR-34c or a scrambled sequence inhibitor (Dharmacon), and cell viability was determined at different time points post-transfection, using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Transfection with the inhibitors resulted in a decrease in endogenous miR-34b and miR-34c expression by 60-70% approximately (Supplementary Material, Fig. S6 ), which is comparable to the downregulation observed in PD brain samples. We detected a consistent decreased capability of mitochondria to reduce MTT at 24, 48 and 72 h after miR-34b or miR-34c depletion, compared with the control group transfected with the scrambled sequence (Fig. 3A) . These results were reproduced using LNA-modified miRNA inhibitors (Exiqon) (Supplementary Material, Fig. S7 ).
Mitochondrial dysfunction was confirmed using the MitoTracker w Red CMXRos (Invitrogen) fluorescent dye that stains mitochondria in live cells, being its accumulation dependent on membrane potential. Mitotracker w Red revealed a strong tubular mitochondrial staining throughout the cytoplasm in control non-transfected cells and neuronal cells transfected with a scrambled sequence. However, 24 and 48 h after transfection with anti-miR-34b or anti-miR-34c a significant increase of the number of cells displaying a uniform, dissipate mitochondrial staining was observed (Fig. 3B ). We next evaluated whether the disruption of mitochondrial membrane potential was coupled to altered expression of proteins of the electron transport chain. For this, we used the MitoProfile w Total OXPHOS, OXPHOS cocktail of monoclonal antibodies (MitoSciences) against subunits of mitochondrial complexes that are labile when its complex is not assembled. Western blot analysis showed no differences in the expression levels of the subunit 30 kDa (complex II), subunit Core 2 (complex III), subunit II (complex IV) and subunit alpha (adenosin triphosphate (ATP) synthase) at 48 and 72 h post-transfection of the specific inhibitors for miR-34b or miR-34c (Supplementary Material, Fig. S8 ).
We then tested if the decrease in neuronal viability induced by miR-34b or miR-34c depletion was linked to the generation of intracellular reactive oxygen species (ROS), using the cytosolic fluorescence probe, 5-(and-6)-chloromethyl-2 ′ -7 ′ -dichlorodihydrofluorescein diacetate (CM-H2DCFDA, Invitrogen). The redox-sensitive probe was able to perceptively detect oxidative stress 24 h after transfection with anti-miR-34b or anti-miR34c, whereas virtually no fluorescence was detected in cells transfected with a scrambled sequence (Fig. 3C) .
To further characterize neuronal dysfunction, we evaluated cytochrome-c mobilization from the mitochondria to the cytoplasm, since this can be a distinctive feature of the early pro-apoptotic stimuli linked to the loss of mitochondrial membrane potential. Immunofluorescence showed no cytochrome-c release 24 and 48 h after transfection with anti-miR-34b or anti-miR-34c (Fig. 4A) , suggesting a non-apoptotic mechanism. In accordance, at these time points, the decrease in cell viability was not accompanied by significant nuclear condensation or fragmentation (Figs 3B -C and 4A), or increases in PARP cleavage as evaluated by western blot (data not shown). Importantly, cytochrome-c immunostaining revealed a ballooning of the mitochondria following miR-34b or miR-34c depletion (Fig. 4A , arrows in the upper panel). Ultrastructural analysis of mitochondria in SH-SY5Y depleted of miR-34b confirmed the presence of ballooned small mitochondria (Fig. 4B) .
In order to correlate the abnormal mitochondrial morphology and loss of membrane potential with a functional defect, we analyzed the intracellular levels of ATP following miR-34b and miR-34c depletion (Fig. 4C) . Bioluminiscent
3070
Human Molecular Genetics, 2011, Vol. 20, No. 15 measurements of intracellular ATP evidenced a significant decrease in the ATP content 48 h after anti-miR-34b or anti-miR-34c transfection. Taken together, these results suggest that miR-34b and miR-34c are involved in pathways controlling mitochondrial function and dynamics, and their depletion may trigger a non-apoptotic deleterious process achieved by mitochondrial dysfunction. We determined whether the decrease in cell viability and mitochondrial dysfunction linked to miR-34b/c downregulation could also be detected in non-differentiated SH-SY5Y cells and two non-neuronal cell lines (RPE-1 epithelial retinal cells and HepG2 hepatocellular carcinome cells; Supplementary Material, Fig. S9 ). A slight decrease in neuronal viability was observed in non-differentiated SH-SY5Y cells depleted of miR-34c and in hepG2 cells depleted of miR-34b. However, in these cells, no obvious changes in mitochondrial function and morphology were appreciated. A possible explanation for this is that the levels of miR-34b/c in the different cells lines, including the non-differentiated neuronal type, are low, and therefore its inhibition may not be physiologically relevant, compared with the differentiated neuronal cells that present higher levels of miR-34b/c. In addition, it is also plausible that the interaction of miR-34b/c with components of the differentiated neuronal transcriptome may result in selective, increased affectation.
miR-34b or miR-34c reduction results in a decreased expression of DJ1 and PARKIN DJ1, PARKIN and PINK1 are among the group of genes associated to familial forms of PD that have a direct or indirect impact on oxidative stress balance and mitochondrial integrity Table S1 ). Expression levels are referred to a control sample, for RQ. Plots show individual and mean RQ + SEM ( * P , 0.05; * * P , 0.01; * * * P , 0.001; using a linear mixed effects model).
Human
and function (21) . The expression levels of these non-mutated proteins have been shown to modify the cell response to oxidative stress (22, 23) ; consequently, they could have a role in idiopathic forms of the disease. We therefore evaluated the effect of miR-34b or miR-34c depletion in the expression of these proteins by western blot (Fig. 5A-C) . We detected a significant reduction in DJ1 and Parkin levels upon miR-34b and miR-34c depletion at 48 h post-transfection. However, no significant changes on PINK1 levels were observed. In addition, overexpression of miR-34b or miR-34c in transfection experiments using miRIDIAN miRNA mimics (Ambion) did not result in changes in the expression of Parkin or DJ-1 (data not shown). Although recent databases on predicted miRNA targets (miRWalk; http://www.ma.uni-heidelberg.de/apps/zm f/mirwalk/index.html) identify Parkin as a candidate target of miR-34b, our data suggest that Parkin and DJ-1 are indirect targets of miR-34b/c. We next examined whether the expression levels of DJ1 and Parkin were also reduced in brain samples from PD patients. Protein levels were determined in the AM and FC of four control individuals and four PD patients, which presented strong miR-34b/c downregulation (Supplementary Material, Tables S1 and S2). Western blot analysis revealed a significant decrease in the expression of DJ1 and Parkin in AM samples of PD patients compared with control individuals. In the FC, DJ1 and Parkin protein expression was variable and reduced levels were detected for both proteins in PD samples; however, they did not reach statistical significance (Fig. 5D -E) . These findings suggest that mitochondrial dysfunction linked to miR-34b/c downregulation may involve, at least in part, a decreased expression of DJ1 and Parkin.
DISCUSSION
miRNA deregulation in neurodegenerative disorders underlies altered expression of key target genes, contributing to neuronal dysfunction (24) . Here, we show that miR-34b and miR-34c are downregulated in several brain areas with different degree of affectation in PD. Furthermore, we show compelling data suggesting that downregulation of these miRNAs affects key pathways in PD pathogenesis. Two mechanisms have been described to control miR-34b/c expression. First, P53 activates miR-34b and miR-34c expression, cooperating in the control of cell proliferation and adhesion-independent growth (25) and inducing senescence (26) . However, inhibition of P53 is unlikely to be the direct cause of miR-34b/c downregulation in PD, since P53 is found upregulated in autopsied PD brains (27) , and several studies show that P53 activity is key in dopaminergic cell death (28) . Secondly, miR-34b/c silencing is associated with CpG island hypermethylation in gastric, and colorectal cancers (19, 29) . Genes related to PD present abnormal methylation in some cancer types (30, 31) ; however, a direct relation between epigenetics and neurodegeneration in PD has not been widely exploited yet. We could not detect significant hypermethylation of mir-34b/c promoter in PD samples, suggesting that this is not the main mechanism accounting for mir-34b/c downregulation. Additional studies are required Figure 3 . Analysis of cell viability, mitochondrial function and oxidative stress after miR-34b or miR-34c depletion. (A) MTT assays at 24, 48 and 72 h after transfection of SH-SY5Y cells with inhibitors to miR-34b (anti-miR-34b), miR-34c (anti-miR-34c) or a scramble sequence (scr-anti-miR). Data represent mean basal viability + SEM (n ¼ 12; * * * P , 0.001, using t-test). (B) Mitochondrial labeling with red fluorescent MitoTracker w Red and DAPI staining of differentiated SH-SY5Y cells 24 h after transfection of either miR-34b or miR-34c inhibitors or a scrambled-control sequence; graph shows the mean percentage of cells presenting diffuse staining + SEM (n ¼ 3; * * * , P , 0.001; using t-test). (C) ROS detection with green fluorescent probe CM-H2-DCFDA and DAPI staining of differentiated SH-SY5Y cells 24 h after transfection of either miR-34b or miR-34c inhibitors or a scrambled sequence. The graph shows the mean percentage of cells positive for ROS detection + SEM (n ¼ 3; * * * P , 0.001; using t-test).
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to address the mechanisms underlying miR-34b/c deregulation, including alterations in the pre-miRNA maturation process and/or miRNA stability. We detected a significant decrease in the expression of mature miR-34b and miR-34c in the AM, SN, FC and in the CB of symptomatic PD patients. However, at clinical stages, Lewy inclusions are abundant in the AM and the SN, but mild or almost absent in the cortex and absent in the CB. Yet it is worth stressing that several functional abnormalities have been reported in the cortex of PD patients (32) . For instance, mitochondrial complex I deficiency (33, 34) and indices of OS have been detected in the cerebral cortex in PD (32) . In addition, some PD-key proteins related to mitochondria, energy metabolism and OS responses are oxidativelly damaged (35) , thus indicating impaired mitochondrial function and energy metabolism in the FC in the absence of LBs. Furthermore, abnormally phosphorylated SNCA and abnormally phosphorylated tau 
using t-test). (B) Electron microscopy images showing mitochondrial ultrastructure in SH-SY5Y cells at 48 h after transfection with anti-miR-34b and in control non-transfected (Ø) SH-SY5Y cells. (C) Intracellular ATP levels 48 h upon transfection with either miR-34b
(anti-miR-34b) or miR-34c (anti-miR-34c) inhibitors, or a scrambled sequence (scr-anti-miR); data are presented as the percentage (%) of ATP levels referred to the scr-anti-miR transfected control group + SEM (n ¼ 3; * * P , 0.01; * * * P , 0.001, using t-test).
Human Molecular Genetics, 2011, Vol. 20, No. 15 3073 are found at the synaptic-enriched fractions of FC in PD (36) . Recent observations have further demonstrated the presence of small abnormal aggregates of SNCA at the synapses (37, 38) . These are important independent observations showing that synaptic pathology occurs in the absence of LBs, and that a common alteration in the cerebral cortex in PD is pathology at the synapses rather than the presence of LBs. Although these aspects have not been studied in the CB, it is known that the cerebellothalamocortical pathway is altered in PD (39, 40) . Therefore, the present findings indicate a stronger relationship of miR-34b/c downregulation with complex molecular pathology in PD rather than with the mere distribution of LBs. Whether downregulation of miR-34b/c is a cause or a consequence of pathology remains to be elucidated. However, the present observations indicate that miR-34b/c downregulation occurs at early (pre-motor) stages of the disease (significantly decreased in AM, and reduced trend in the FC), thus suggesting a plausible role in the pathogenesis of PD. It is worth stressing that patients at pre-motor stages had not received any treatment related to PD, and therefore, miR-34b/c downregulation is not drug-related.
Impairment of mitochondrial function is central in the pathological process culminating in neuronal cell dysfunction in PD, occurring early in the course of the disease (41) . Our data show compelling indications that a decrease in either miR-34b or miR-34c in differentiated neuronal cells compromises cell viability and mitochondrial function. These include a diminished capability of mitochondria to reduce MTT accompanied by a significant loss in the mitochondrial membrane potential, increased formation of ROS and decreased intracellular ATP levels. The loss of electrochemical gradient across the inner mitochondrial membrane may reflect a defect in the function of the mitochondrial complexes I -IV. However, we failed to detect changes in the expression levels of key components of different mitochondrial complexes. It remains to be elucidated whether miR-34b/c deficiency may induce changes in the expression and subsequent malfunction of other components of the mitochondrial complexes and/or proteins that modulate their activity. It is also plausible that miR-34b/c deregulation perturbs the expression of OS sensors, resulting in ROS production. This could contribute to sustained mitochondrial dysfunction, since mitochondria are particularly sensitive to ROS (33, (42) (43) (44) . * P , 0.05; using t-test), and corresponding representative WBs.
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The expression and function of genes involved in recessive forms of familial PD, including DJ1, PARKIN and PINK1, are altered in idiopathic PD. For instance, the expression of DJ1, an OS sensor, is decreased in several brain areas (45) and cerebrospinal fluid (46) in sporadic PD cases. In addition, oxidized forms of DJ1, which may be dysfunctional, are increased in sporadic PD (47) . Similarly, inactivation of Parkin, an E3 ubiquitin ligase, through nitrosative and oxidative stress may play a pathogenic role in sporadic PD (48) . Importantly, our results show that miR-34b and miR-34c depletion in differentiated SH-SY5Y cells affects pathways that modulate Parkin and DJ1 dosage, resulting in moderately reduced levels of both proteins. Concordantly, PD brain samples presenting reduced expression of mir-34b/ c also displayed a significant reduction in DJ1 and Parkin protein levels. Deficiency in either Parkin or DJ1 has been shown to be detrimental to cell survival, inducing mitochondrial dysfunction and oxidative damage (49) (50) (51) (52) . Altogether, these data suggest that miR-34b/c deficiency may cause mitochondrial dysfunction through a mechanism involving, at least, Parkin and DJ1 downregulation.
We have also demonstrated that miR-34b and miR-34c depletion in a neuroblastoma cell line results in significant alterations of mitochondrial morphology. Diseases of mitochondrial dysfunction that often have a neurodegenerative component present alterations in the dynamics of these organelles (53) . In the case of PD, the interplay of PINK1 and Parkin dynamically regulates mitochondrial morphology (54 -56) . In addition, DJ1 depletion results in fragmented mitochondria, contributing to an increased sensitivity to OS (57) . Therefore, the reduced levels of DJ1 and Parkin in cells depleted of miR-34b/c could contribute to the abnormal mitochondrial morphology.
In summary, we have shown that miR-34b/c downregulation is an early event in PD, and that miR-34b/c deregulation tags mitochondrial integrity and oxidative stress pathways, which are major hallmarks of PD. Mitochondrial protection and subsequent reduction in oxidative stress are important targets for prevention and long-term treatment of early stages of PD. Therefore, modulation of miR-34b/c dosage could be envisioned as an attractive target for neuroprotectionbased therapeutic strategies.
MATERIALS AND METHODS
Patients
Brain samples were obtained from the Institute of Neuropathology Brain Bank following the guidelines of the local ethics committee. The time between death and brain processing named post-mortem time or post-mortem delay was between 3.00 and 11.00 h. Brains were removed from the skull and the left cerebral hemisphere, left cerebellum and alternate transversal sections of the brain stem were fixed in 4% buffered formalin. The rest of the brain and cerebellum was immediately cut into 1 cm thick coronal sections. These and the alternate sections of the brain stem were frozen on dry ice and stored at 2808C until use. Neuropathological studies were carried out on formalin-fixed paraffin embedded sections 4 mm thick of 25 standard selected areas which were processed for current neuropathological methods, including hematoxylin and eosin, Klüver-Barrera, and b-amyloid, hyper-phosphorylated tau, SNCA, ubiquitin, aB-crystalin, TDP-43 and astroglial and microglial immunohistochemistry.
PD-related pathology was graded following Braak stages (3, 4) . Cases with PD stages 4 and 5 (also named LBD stages 4 and 5) had suffered from parkinsonism and had been subjected to different treatments geared to control motor symptoms for variable period of time (cases 1 -11, 18-19 and 21-23; Supplementary Material, Table S1 ); none of them had suffered from dementia. Cases with PD-related pathology stages 1-3 (LBD stages 1 -3) had not suffered from motor symptoms, did not receive any specific therapy and the observation of LBs and LNs was an incidental feature at neuropathological examination (cases 12-17 and 20; Supplementary Material, Table S1 ). PD cases with additional pathology not related to synuclein, excepting those with a few neurofibrillary tangles in the entorhinal and transentorhinal cortices, were excluded from the study.
Age-matched control cases were chosen on the basis of the lack of neurological, metabolic and mental disorders, together with the lack of brain lesions including the absence of neurofibrillary tangles, SNCA inclusions, TDP-43 abnormalities and lack of small vascular disease after neuropathological examination following the same protocol as that used for PD cases. A few diffuse b-amyloid plaques and a few neurofibrillary tangles in the entorhinal cortex were the only abnormality in some cases.
Details regarding case information can be found in Supplementary Material, Table S1 . For each sample, 50-60 mg of frozen tissue for every particular area was homogenized and then RNA isolated with miRNeasy (Qiagen) following manufacturer's instructions. RNA integrity was evaluated with Bioanalyzer 2100 (Applied Biosystems).
Microarrays
MiRNA microarrays were performed by Exiqon, using mercury LNA microarrays (Sanger database v.8.1) where each individual PD AM sample was hybridized against a pool made of equitable quantities of all control AM samples.
MiRNA rRT -PCR
MiRNA RT-PCR was performed using Taqman w miRNA-specific RT and rRT-PCR assays, following manufacturer's instructions in an AB 7900HT Fast Real-Time PCR System. For each region, all cases and controls were analyzed in the same rRT-PCR experiment, each sample was run in duplicates and the real-time reaction repeated at least twice. Relative quantification (RQ) as shown in graphs was calculated with the 2△△Ct method (58) using U6B as a reference gene. RQ was calculated to compare expression values of both miR-34b and miR-34c normalized to that of U6B among PD and controls samples. These RQ and their statistical significance were obtained from a linear mixed effects model (59) that accounted for the different sources of variation derived from the experimental design (see supplementary methods for details).
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Cell lines and transfections
SH-SY5Y cells were grown in the Dulbecco's modified essential medium (DMEM) medium supplemented with 10% of inactivated fetal bovine serum (FBS) and kept in low pass (,15) . Differentiation protocol consisted of 3 days RA 10 mM exposure, followed by 4 + 3 days of TPA 80 nM exposure, modified from ref. (20) . HepG2 and h-TERT-RPE-1 (RPE-1) cells were grown in the DMEM medium supplemented with 10% of FBS and kept in low pass (,15). Specific miRNA inhibitors for miR-34b, miR-34c and a scrambled sequence were purchased from both Dharmacon and Exiqon. For differentiated SH-SY5Y, cells were plated at day 3 of the differentiation process at 12 500 cells/ml and then transfected at day 10 with either one of the specific inhibitors or the scrambled sequence at 100 nM using Lipofectamine 2000 TM (Invitrogen) according to the manufacturer's instructions. For transfection of undifferentiated SH-SY5Y, RPE-1 and HepG2 cells, the cells were plated 24 h prior to transfection at the following densities: 90 000, 50 000 and 40 000 cells/ml, respectively.
MTT assays
Cells were transfected in 96 well plates in 12 independent experiments; then at 24, 48 and 72 h post-transfection, MTT was added to cell culture media at 0.5 mg/ml final concentration and incubated for 40 min at 378C. Cells were lysed with 100 ml of dimethyl sulfoxide upon medium removal and absorbance was measured at 550 nm. In each experiment, determinations were performed in quintuplicate. Percentage of cell viability was calculated using absorbance values from cells transfected with the anti-scrambled sequence as a reference.
ROS and mitochondrial membrane depolarization detection
Cells were plated for transfection in 24 MW plates over 13 mm cover slips, then at 24 and 48 h post-transfection they were incubated with either CM-H 2 DCFDA ROS detection probes (Invitrogen) at 62.5 mg/ml or MitoTracker w Red CMXRos (Invitrogen) at 1 mM final concentration for 20 min at 378C. Then cells were rinsed with PBS1X and fixed with 4% paraformaldehyde (4% PFA). Cover slips were mounted using Prolong with 4 ′ ,6-diamidino-2-phenylindole (DAPI) (Invitrogen) and images were taken with a Leica DM5000-CS confocal microscope. For quantification, three independent experiments were carried out and five fields were randomly captured for each condition and experiment. Around 400 cells were counted in each experiment. Statistical significance was calculated with two-tailed Student's t-test.
Immunofluorescence
Cells were plated for transfection in 24 MW plates over 13 mm cover slips, then 48 and 72 h post-transfection cells were rinsed with PBS1X and fixed with 4% PFA. Cells were washed three times with PBS1X and permeabilized for 5 min in 0.1% Triton X-100 in PBS 1X (PBS-T). Cells were then incubated in blocking buffer (10% FBS, 0.1% PBS-T) for 1 h and then incubated with anti-cytochrome-c antibody from BD Bioscience (BD, 556432) for 2 h at room temperature (RT); cover slips were then rinsed with PBS-T and incubated with anti-rabbit Alexa Fluor 555 secondary antibody for 1 h at RT. Cover slips were mounted using Prolong with DAPI (Invitrogen). For quantification, three mitochondrial morphologies were considered: round, tubular and a mixed phenotype. Quantification was performed as previously indicated in three independent experiments.
Electron microscopy
Cells were transfected in 6 MW plates, with either miR-34b or miR-34c inhibitors, or a scrambled sequence. Lipofectamine treated cells were used as an additional negative control. Cells were rinsed with PBS1X at 48 and 72 h after transfection. Cells were released from the plate with 700 ml of PB 0.1 M buffer per well by gentle scraping to produce a pellet cohesive enough to process after spinning at 800 g for 5 min. Supernatant was discarded and pellets were fixed with 2% PFA-2.5% glutaraldehyde in PB 0.1 M for 1 h at RT. The pellets were washed three times with PB 0.1 M and maintained in PFA 2% in PB 0.1 M and then post-fixed by immersion in 1% osmium tetraoxide, embedded in EPON-812 and cut with an ultramicrotome. Ultrathin sections were stained with toluidine blue and finally selected sections were collected in copper grids, stained with uranyl acetate and Reynold's lead citrate. Sections were directly visualized with a Jem-1011 transmission electron microscope (Jeol).
ATP content determination
Cells were transfected in quintuplicate in 96 MW plates, with either miR-34b, miR-34c inhibitors or a scrambled sequence. Lipofectamine treated cells were used as an additional negative control. Cellular ATP levels were quantified at 48 and 72 h after transfection using a luciferin/luciferase based assay. Cells were lysed with 100 ml of ATP lysis buffer previously reported (62) , and both protein and ATP levels were assessed in triplicate. Protein was determined using the bicinchoninic acid assay (Pierce). ATP was determined using an ATP determination kit (Invitrogen, molecular probes A22066) according to the manufacturer's instructions. ATP levels (nM) were normalized to the protein levels in each sample. ATP levels for each condition were referred to the mean ATP content in cells transfected with the scrambled-control sequence. Statistical significance was calculated with two-tailed Student's t-test.
Protein extraction and western blot analysis
Cells were rinsed with PBS1X, lysed with 0.05% SDS, boiled for 2 min and centrifuged at 10 000g and 48C for 10 min. The supernatant was diluted with 6× Laemmli loading buffer and boiled for 2 min prior to loading. Proteins were resolved by 10% sodium dodecyl sulfate -polyacrilamide gel electrophoresis, and electroblotted onto nitrocellulose membranes using the i-Blot dry transfer system (Invitrogen). Membranes were blocked with blocking solution (3% BSA, 0.1% Tween-20, TBS1X) for at least 1 h at RT. Primary antibodies were
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Human Molecular Genetics, 2011, Vol. 20, No. 15 incubated overnight at 48C, then membranes were washed with TBS-0.1% Tween and incubated for 1 h at RT with secondary antibodies (DakoCytomation) at a dilution of 1:2 000. After washing, membranes were developed with the enhanced chemiluminiscence system (ECL, Amersham Life Sciences). Western blot signal was quantified using ImageJ software. Expression of a-actin was used as a loading normalization control. The following primary antibodies were used: mouse monoclonal anti-a-Actin (MAB1501, Chemicon); mouse monoclonal anti-Caspase 9 (9508, Cell Signalling); purified mouse anti-human PARP (51-6639GR, BD); rabbit polyclonal anti-DJ1 (ab18257, Abcam); rabbit polyclonal anti-Parkin (ab15954, Abcam); rabbit polyclonal anti-PINK1 (ab23707, Abcam); and MitoProfile w total OXPHOS human antibody cocktail (MS601, Mitoscience).
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